6 1 Abstract 7 Eukaryotes carry numerous asexual cytoplasmic genomes (mitochondria and plastids).
. When n = 50 247 and either a tight or relaxed bottleneck is applied, the number of resulting cytoplasmic of isogamous species such as Physarum polycephalum (Moriyama and Kawano, 2003) , 250 Saccharomyces cerevisiae (Hoffmann and Avers, 1973) , and Chlamydomonas reinhardtii 251 (Nishimura et al., 1998) . We also examine n = 200, which results in a transmission 252 bottleneck size similar to that in animals (Jenuth et al., 1996; Wai et al., 2008) . 253 We fix the number of base pairs at l = 20, 000, which is roughly the size of the animal 254 mitochondrial genome (Boore, 1999) . As the mutation rate in animal mitochondrial DNA altering mutations in Saccharomyces cerevisiae (Dickinson, 2008) and ≈ 50% of fitness-267 altering mutations in Arabidopsis thaliana (Shaw et al., 2000) ). We examine beneficial 268 mutations that are rare (µ b = 1×10 −9 per nucleotide per generation; 1% of the deleterious 269 mutation rate) to moderately common (µ b = 1×10 −8 per nucleotide per generation; 10% 270 of the deleterious mutation rate). 271 We focus on selection coefficients that represent mutations with small effects on fitness: 272 s b = 0.01−0.1 (see the legend of Figure 1 for a description of how the selection coefficient 273 translates to individual fitness). Since it is difficult to estimate the relative impact on 274 fitness of a mutation on a free-living genome compared to mutation on a cytoplasmic 275 genome, we let s F L vary from 1-50. 276 As there are few data on the distribution of fitness effects of beneficial substitutions in 277 cytoplasmic genomes, we examine three fitness functions: concave up, linear, and concave 278 down ( Figure 1A ). For deleterious substitutions in cytoplasmic genomes, there is strong 279 evidence that fitness is only strongly affected when the cell carries a high proportion 280 of deleterious genomes (Chinnery and Samuels, 1999; Rossignol et al., 2003) , and so we 281 use a decreasing concave down function to model deleterious substitutions ( Figure 1B ).
282
When we combine beneficial and deleterious mutations in a single model, we examine 283 the three fitness functions for the accumulation of beneficial substitutions but only a 284 concave down decreasing fitness function for the accumulation of deleterious substitutions 285 ( Figure 1B) . When comparing free-living and cytoplasmic genomes, we always use a linear 286 fitness function for both beneficial and deleterious substitutions because for this function 287 the strength of selection on a new substitution is independent of existing substitution 288 load.
289
In the model that considers beneficial mutations only (Aim 1), the simulation stops 290 once every cytoplasmic genome in the population has accumulated at least γ beneficial 291 substitutions. For the remaining models, each simulation runs for 10,000 generations. For 292 all models, we average the results of 500 Monte Carlo simulations for each combination 293 of parameter values (we vary N , n, b, s b , s d , s F L , and the fitness functions associated 294 with beneficial substitutions). We wrote our model in R version 3.1.2 (Team, 2013) . For 295 a detailed description of the models, see section S3-section S5. For conceptual purposes, we break down the accumulation of beneficial substitutions into 300 two phases. We call the first the "drift phase". In this phase, the genome type with α 301 substitutions continuously arises in a population that contains genomes with α − 1 or 302 fewer beneficial substitutions, but it is repeatedly lost to drift and does not spread (since 303 we examine small selection coefficients, drift dominates the fate of genomes when they 304 are rare). The drift phase starts when we first observe a genome with α substitutions and 305 ends when that genome persists in the population (i.e. it is no longer lost to drift).
306
The second phase, which we call the "selection phase", involves the spread of the genome 307 with α substitutions through positive selection. The selection phase commences at the 308 end of the drift phase (i.e. once the genome with α substitutions persists in the popula-309 tion) and ends when a genome carrying α+1 substitutions first appears in the population.
310
At this point, the drift phase of the genome with α + 1 substitutions begins and the cycle 311 continues.
312
Gametogenesis introduces variation in the cytoplasmic genomes that are passed to ga-313 metes. Gametes can thus carry a higher or lower proportion of beneficial substitutions 314 than their parent. Uniparental inheritance maintains this variation in offspring, reduc-315 ing within-cell variation (Figure 2A ) while increasing between-cell variation ( Figure 2B ).
316
Biparental inheritance, however, combines the cytoplasmic genomes of different gametes, 317 destroying much of the variation produced during gametogenesis and reducing between-318 cell variation ( Figure 2B ). Thus, selection is more efficient when inheritance is uniparental 319 because there is more between-cell variation in fitness on which selection can act ( Figure 2C ) by increasing the rate at which the genome with 325 α substitutions is regenerated once lost to drift ( Figure 2D ). The regeneration of the 326 genome with α substitutions is proportional to the rate at which mutations occur on the 327 genome with α − 1 substitutions, which in turn is proportional to the frequency of the 328 genome with α − 1 substitutions in the population. Under uniparental inheritance, the 329 genome with α − 1 substitutions increases in frequency much more quickly than under 330 biparental inheritance ( Figure 2E ), presenting a larger target for de novo mutations and 331 driving regeneration of the genome with α substitutions ( Figure 2D ). As a result, under 332 uniparental inheritance cytoplasmic genomes suffer less from clonal interference ( Fig-333 ure 3) and take less time to accumulate beneficial substitutions than under biparental 334 inheritance ( Figure 2F ; see Figure S1 for a range of different parameter values). The units of selection differ between cytoplasmic genomes (eukaryotic host cell) and free-338 living genomes (free-living asexual cell). Cytoplasmic genomes have two levels at which 339 variance in fitness can be generated: variation in the number of substitutions per genome 340 and variation in the relative number of each genome type in a host cell ( Figure 2A ). In 341 contrast, free-living genomes can differ only in the number of substitutions carried per 342 genome. Consequently, when a mutation on a cytoplasmic genome has the same effect as 343 a mutation on a free-living genome (i.e. s F L = 1), cytoplasmic genomes have a greater 344 potential for creating variance between the units of selection than free-living genomes 345 ( Figure 2B ).
In cytoplasmic genomes, the genome with α substitutions spends less time in the drift 347 phase compared to free-living genomes when s F L = 1 ( Figure 2C ). Cytoplasmic genomes 348 have a shorter drift phase not because they are less likely to be lost by drift-in fact 349 cytoplasmic genomes are more frequently lost to drift than free-living genomes-but 350 because once a genome with α substitutions has been lost, it is more quickly regener-351 ated ( Figure 2D ). Since cytoplasmic genomes experience strong positive selection ( Under biparental inheritance, a tight bottleneck decreases the variation in cytoplasmic 373 genomes within gametes (Figure 2A ) and increases the variation between gametes (Fig-374 ure 2B). Consequently, under biparental inheritance beneficial substitutions accumulate 375 more quickly than when the transmission bottleneck is relaxed ( Figure 2F and Figure S1 ).
376
Bottleneck size has less of an effect on uniparental inheritance because uniparental in-377 heritance efficiently maintains the variation generated during gametogenesis even when 378 the bottleneck is relaxed ( Figure 2B ). When n is larger (n = 200), a tight bottleneck 379 reduces the time for beneficial substitutions to accumulate, but even here the effect is 380 minor ( Figure S1C ). To detect levels of genetic hitchhiking, we developed a method to measure the depen-409 dency of deleterious substitutions on beneficial substitutions. When genetic hitchhiking 410 is prevalent, the fixation of deleterious substitutions will more closely follow the fixation 411 of beneficial substitutions relative to random expectation (as the fixation of a beneficial 412 substitution aids the fixation of a deleterious substitution). 413 We define a "beneficial ratchet" as an event in which the genome that carries the fewest 414 beneficial substitutions is lost from the population. Likewise, we define a "deleterious 415 ratchet" as an event in which the genome carrying the fewest deleterious substitutions 416 is lost. (We describe these events as "ratchets" because a deleterious ratchet is identical 417 to a "click" of Muller's ratchet (Muller, 1964) ; a beneficial ratchet is the same concept 418 applied to beneficial substitutions.) 419 For each simulation, we recorded every generation in which a beneficial ratchet occurred.
420
For each beneficial ratchet, we looked forward in time until we found the nearest deleteri-421 ous ratchet (including any that occurred in the same generation as a beneficial ratchet). 422 We measured the number of generations separating the beneficial and deleterious ratchet 423 and calculated the mean generations of all such instances.
424
To obtain a 'genetic hitchhiking index" (φ), we divided the mean observed generations 425 separating beneficial and deleterious ratchets by its expectation. The expectation is the 426 mean number of generations that would separate a deleterious ratchet from a beneficial 427 ratchet if deleterious ratchets were randomly distributed through time. If fewer genera-428 tions separated the beneficial and deleterious ratchets than expected (φ < 1), we infer 429 that genetic hitchhiking occurred ( Figure S2A ). If the separation between the beneficial 430 and deleterious ratchets is equal to the expected number of generations (φ ≈ 1), we infer 431 that beneficial substitutions had no effect on the spread of deleterious substitutions (Fig-432 ure S2B; see Table S1 for a benchmark of the index). If a greater number of generations 433 than expected separated the beneficial and deleterious ratchets (φ > 1), we infer that 434 beneficial substitutions inhibited deleterious substitutions ( Figure S2C ). For details of 435 the genetic hitchhiking index, see Figure S2 . In all cases, φ < 1 (Figure 6 and Figure S3 ), indicating that genetic hitchhiking plays 439 an important role in aiding the spread of deleterious substitutions in both cytoplasmic 440 and free-living genomes. Free-living genomes experience higher levels of hitchhiking 441 than cytoplasmic genomes when s F L = 1 ( Figure 6A ). When mutations on free-living 442 genomes have larger effects on fitness, they can experience lower levels of hitchhiking 443 than cytoplasmic genomes under uniparental inheritance (s F L > 20 in Figure 6B ). Figure 6F ).
449
Uniparental inheritance actually increases the proportion of deleterious substitutions that 450 occur concurrently with beneficial substitutions (Figure 7 ; leftmost bar). This occurs 451 when the genomes that spread carry more than the minimum deleterious substitutions in 452 the population. However, uniparental inheritance also generally increases the proportion 453 of deleterious ratchets in which φ is large ( Figure 7A-C) , which occur when the genomes 454 that spread carry the minimum number of deleterious substitutions in the population. 455 Generally, the latter outweigh the former (except for the aforementioned exception), Figure S4 ). While a tight transmission bottle-464 neck combined with biparental inheritance increases the ratio of beneficial to deleterious 465 substitutions, biparental inheritance always has lower levels of adaptive evolution than parison between free-living and cytoplasmic genomes helps clarify how the organization 516 of cytoplasmic genomes into hosts affects adaptive evolution, care must be taken when 517 generalizing these findings. First, it is difficult to compare the fitness effects of mutations 518 in free-living and cytoplasmic genomes or to identify a realistic range for s F L . Second, 519 fitness effects of mutations in both free-living and cytoplasmic genomes can differ widely 520 depending on the location of mutations. In mammalian mtDNA, for example, mutations Ultimately, even when mutations in cytoplasmic genomes have weak effects on fitness, 530 uniparental inheritance will promote adaptive evolution (relative to biparental inheri-531 tance) despite these underlying constraints. 532 We explicitly included a transmission bottleneck as previous theoretical work seemed to 533 suggest that this alone could act to slow the accumulation of deleterious substitutions show that these apparently contradictory findings are entirely consistent. We find that a A. The three fitness functions used in this study in the case of beneficial mutations only. The selection coefficient is defined such that 1−s b represents the fitness of a cell with zero beneficial substitutions (a cell with nγ beneficial substitutions has a fitness of 1, where n is the number of cytoplasmic genomes and γ is the number of substitutions each cytoplasmic genome must accumulate before the simulation is terminated). In this example, where n = 50, s b = 0.1, and γ = 5, a cell's fitness is 0.9 when its cytoplasmic genomes carry no beneficial substitutions, and its fitness is 1 when each cytoplasmic genome in the cell carries an average of 5 substitutions (50 × 5 = 250 beneficial substitutions in total). B. The deleterious fitness function. Here, a cell with no deleterious substitutions has a fitness of 1, while a cell with nγ substitutions has a fitness of 1 − s d . We only examine a concave down decreasing function for the accumulation of deleterious substitutions (unless we are comparing cytoplasmic genomes to free-living genomes, in which case we use a linear fitness function). C. One of the fitness functions used in the model with both beneficial and deleterious mutations. The beneficial substitution portion of the function can take any of the forms in panel A while the deleterious substitution portion takes the form in panel B (unless we are comparing cytoplasmic genomes to free-living genomes, in which case both the beneficial and deleterious fitness functions are linear). In this example the fitness surface combines a linear function for beneficial substitutions with a concave down fitness function for deleterious substitutions. The color represents the fitness of a cell carrying a given number of deleterious substitutions (x-axis) and beneficial substitutions (y-axis). Equations for the fitness functions can be found in section S3.2 (A), section S4 (B), and section S5.2. (C). (Note that between-cell variation in the free-living population is depicted but is so low that it appears as zero.) C. The number of generations separating the genome carrying α substitutions from the genome carrying α + 1 (averaged over all observed substitutions, but excluding α = 1, as the dynamics of α = 1 are largely driven by the starting conditions). In the drift phase, depicted in dark blue, the genome carrying α substitutions arises but is lost to drift. In the selection phase, depicted in yellow, the genome with α substitutions spreads through positive selection (see main text for a detailed description of the drift and selection phases). During the drift phase of the genome with α substitutions, D shows the probability of losing all genomes with α substitutions (P (lose α)) and the probability of regenerating at least one genome with α substitutions once all genomes with α substitutions have been lost (P (regain α )) (averaged over all observed drift periods, but excluding α = 1). During the drift phase of the genome with α substitutions, E shows the trajectory of the genome with α − 1 substitutions. To calculate the curves, we divided each of the 500 Monte Carlo simulations into 20 equidistant pieces. We rounded to the nearest generation and obtained the frequency of the genome with α − 1 substitutions at each of those 20 generation markers. Each curve shows the average of those 20 generation markers (over all drift phases, excluding α = 1, and over all simulations) and is plotted so that the end of the curve aligns with the mean length of the drift phase (shown in panel C). F. The mean number of generations to accumulate a single beneficial substitution (s F L = 1 for free-living). We divide the number of generations to accumulate γ substitutions by the mean number of beneficial substitutions accumulated in that time period (averaged over all simulations). . We report a linear approximation of the mean slope of declines in proportion of the wild type genome as m g . (m g has units of %/generation and is determined by dividing −99.5% by the mean number of generation for the wild type genome to drop from 100% to below 0.5%.) We also report the mean number of genomes co-existing in the population, which we call c g . A. In a population of free-living cells, genomes with beneficial substitutions spread slowly through the population (m g = −0.017 %/generation). As a result, multiple genomes co-exist at any one time (c g = 7.0 genomes), increasing the scope for clonal interference. Under uniparental inheritance, genomes with beneficial substitutions spread much more quickly than free-living and biparentally inherited cytoplasmic genomes (D: m g = −0.215 %/generation; E: m g = −0.220 %/generation). This leads to fewer genomes co-existing in the population (D: c g = 3.1 genomes; E: c g = 2.8 genomes) and low levels of clonal interference.
Figure 4:
Varying the effect of beneficial substitutions on fitness of free-living cells. Parameters: s b = 0.1, γ = 5, µ b = 10 −8 and a linear fitness function. When N F L = 1000, the population size of free-living genomes is equal to the number of eukaryotic hosts; when N F L = 50, 000, the population size of free-living genomes is equal to the number of cytoplasmic genomes (assuming N = 1000 and n = 50, as in Figure 2) . The y-axis shows the mean number of generations to accumulate a single beneficial substitution (see Figure 2F legend for details). On the x-axis, we vary the effect mutations have on the fitness of free-living cells. A mutation on a free-living genome has an s F L -fold effect on its cell's fitness compared to the effect of a mutation on a cytoplasmic genome on its host's fitness. The dashed line represents the mean number of generations required to accumulate a beneficial substitution assuming uniparental inheritance (relaxed bottleneck) under equivalent conditions (≈ 272; see Figure 2F ). A. Population size of free-living genomes equals 1000. B. Population size of free-living genomes equals 50,000. Error bars are ± standard error of the mean. . We do not plot cases in which the simulation terminates before a beneficial ratchet is followed by a deleterious ratchet. However, we do take these into account when generating the hitchhiking index value: see Figure S2 for details. Population size of free-living genomes is 1000 (equal to the number of hosts in the UPI and BPI models in A). C. Population size of free-living genomes is 50,000 (equal to the number of cytoplasmic genomes in the UPI and BPI models in A). D-G. Adaptive evolution in cytoplasmic genomes for a range of selection coefficients. D. s b = 0.01 and s d = 0.01. E. s b = 0.1 and s d = 0.1. F. s b = 0.01 and s d = 0.1. G. s b = 0.1 and s d = 0.01. To calculate the ratio of beneficial to deleterious substitutions, we first determined the aggregated mean of the number of beneficial and deleterious substitutions for the population at generation 10,000 (average substitutions per cytoplasmic genome). Second, for each of the 500 simulations we divided the mean number of beneficial substitutions per genome by the corresponding mean number of deleterious substitutions per genome. Finally, we took the mean of the ratios of the 500 simulations. Error bars are ± standard error of this mean.
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